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CHAPTERCHAPTER 6 

Bulkyy Monodentate Phosphoramidites in Palladium-Catalysed Allyli c 

Alkylationn Reactions: Aspects of Regioselectivity and Enantioselectivity' 

Abstract t 

AA series of biilkv monodentate phosphoramidite ligands based on biphenol. BINOL and 

TADDOLL backbones has been employed in the Pd-catalysed allylic alkylation reaction. Reaction 

off  2-sodium diethyl 2-methylmalonatc with monosubstituted allylic substrates in the presence of 

palladiumm complexes of the phosphoramidite ligands proceeds smoothly at room temperature. The 

regioselectivitiess observed depend strongly on the leaving group and the geometry of the allyli c 

startingg compounds. Mono-coordination occurs when these ligands are ligated in Pd(allyl)(X) 

complexess (ally! = C,H,. 1-CH,C,H4. l-ChHsCTl4. 1.3-(ChH5):C JL; X = CI. OAc). The solid state 

structuree determined by X-ray diffraction of Pd(l)(C,FL)(Cl) reveals a non-symmetric coordination 

off  the ally 1 moiety, caused by the stronger trans influence of the phosphoramidite ligand. In all of 

thesee complexes, the svn. trans isomer is the major species present in solution. Because of fast 

isomerisationn and high reactivity of the svn. cis complex, the major product formed upon alkylation 

iss the linear product. This is especially the case for monosubstituted phenylallyl substrates in the 

presencee of halide counterions. However, in the case of biphenol or BINOL based 

phosphoramidites,, a strong memory effect is observed when l-phenyl-2-propenyl acetate is 

employedd as the substrate. In this case, nucleophilic attack effectively competes with the 

isomerisationn of the transient cinnamylpalladium complexes. The asymmetric allylic alkylation of 

1.3-diphenyl-2-propenyll  acetate using chiral bulky monodentate TADDOL-bascd 

phopshoramiditcss afforded the chiral product in up to 93 % ce. Substrates with smaller substituents 

resultedd in lower enantioselcctivitics. The observed stereoselectivity is explained in terms of a 

preferentiall  rotation mechanism, in which the product is formed by attack on one of the isomers of 

thee intermediate Pd(L)( ].3-(C(,HO:C\H-)(OAc) complex. 

Thee work in this chapter is to be published: Maarten D. K. Bocle. Gino P. F. van Strijdonck. 

Paull  C. J. Kamer. Martin Lutz. Anthony L. Spek. Johannes G. de Vries. Piet W. N. M. van 

Leeuwen.. 2002. 
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ChapterChapter 6 

6.11 Introductio n 

AA Hylic substitution reactions are currently among the most important and widely studied 

catalyticc reactions in organic synthesis. Especially in the last decade, enormous progress has been 

madee in gaining insight in the factors that determine the outcome of the reaction, such as the metal, 

thee structure of the ally] substrate, ligand or nucleophile and the nature of the solvent.'1"4' 

Thee vast majority of the studies reported apply palladium as the metal catalyst of choice. A 

plethoraa of ligands has been designed and employed, mainly having phosphorus and or nitrogen 

donorr atoms. Especially the asymmetric allylic alkylation has received enormous attention, and can 

noww be regarded as 'standard probe" for new chiral ligands to test their efficiency in asymmetric C-

CC bond formation reactions (Scheme 1).[1"3'5'6] Excellent enantioselectivities have been obtained 

usingg C2 symmetrical bidentate diphosphines as demonstrated by Trost et al)'' 6' The observed 

stereoselectivitiess for these and other systems can often be explained by the concept of a 'chiral 

pocket".11 " The chiral induction stems from the selective clockwise or anticlockwise rotation of 

thee allyl moiety in this pocket upon nucleophilic attack to form the product rf-alkene complex. 

Thee potential of other classes of ligands has been recognised in recent years. These include 

chirall  P-N ligands. as was demonstrated by Pfaltz and Helmchen, who employed chiral 

phosphinooxazolinee ligands possessing C] symmetry.'3 '"Ix The difference in donor properties of 

Na+Nu" " 

Nu u 

PdL L 

OO O 

LL = chiral P-P. P-N. P-S. N-N, ... ligand 

Schemee 1. Asymmetric palladium-catalysed allylic alkylation using a symmetrically substituted 

allvll  substrate. 

thee coordinating phosphorus and nitrogen atoms offered the possibility of directing the site of 

nucleophilicc attack to the allylic carbon atom trans to phosphorus. This is caused by the larger trans 

influencee exerted by P compared to N. thereby rendering the carbon trans to phosphorus more 

electrophilic.. "" ' Other bidentate P-N ligands. such as planar-chirai ferrocenyl derivatives, have 

alsoo been successfully employed, with high regio and stereoselectivities.1"" -' 
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Arr PdL 
TT + Na*Nu" : 

OAc c 

Ar r 

Nu u 

90(877 % ee) : 10 

Arr = 4-CH3OC6H4 

OO O 
Nu"" = 

MeO' ' 

PPh, , 

(R)-MeO-MOP P 

Schemee 2. Pd((/?)-MeO-MOP)-catalysed regioselective and enantioselective alkylation of 1-

substitutedd cinnamyl derivatives. 

Thee number of chiral monodentate ligands that have been studied in palladium catalysed 

asymmetricc allylic transformations is rather limited. The reports on application of chiral 

monodentatee ligands in the allylic alkylation deal almost without exception with chiral 

phosphines.. In most cases the enantioselectivities obtained are in the same order of or lower 

thann those observed using bidentate analogues.1"6' Among the most prominent examples of 

successfull  monodentate ligands are the so-called MOP-typc ligands (Scheme 2). introduced by 

Hayashii  and co-workers. It was shown that MOP ligands are very active in the asymmetric 

Pd-catalysedd reduction of allylic esters with formic acid.1" ' Application of these ligands in allylic 

alkylationn revealed several interesting features with respect to the regiosclcctivity of 

unsymmetricallyy substituted ally 1 groups (Scheme 3). Using MeO-MOP. the reaction of 1-aryl 2-

propenyll  acetate derivatives with the sodium salt of dimethyl 2-methylmalonate resulted in 

formationn of the branched product in 90 % regiosclcctivity. with an ee of 87 % (Ar = 4-CH;,OC6H4. 

Schemee 2 ) .m 

PdL* * 
R ^ ^ / O A c c 

,PcUU -
AcOO L 

R2--

Nu u 

Schemee 3. Asymmetric palladium-catalysed allylic alkylation using an unsymmetrically 

substitutedd ally] substrate and a monodentate ligand. 
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ChapterChapter 6 

Thee examples described above illustrate the large effects that the haptieity and other properties 

off  ligands can have in the palladium catalysed ally 1 tc alkylation reaction. In previous chapters, we 

describedd the application of bulky, monodentate phosphoramidite ligands in the Heck reaction. 

Thesee ligands were shown to have properties which distinguish them from most ligands used to 

date.. The most important feature is the bulkmess of the ligand. resulting in enforced mono-

coordinationn to palladium. Because of these interesting complexation characteristics, we decided to 

studyy bulk\' phosphoramidites in the palladium catalysed ally lie alkylation. both the non-

asymmetricc and asymmetric variant. Despite the recent increase in interest for phosphoramidites as 

auxiliariess in catalysis, very few applications in palladium catalysed ally lie subtitution have been 

reportedd yet.1" Several groups have exemplified the potential of chiral phosphoramidites m copper 

catalysedd allylic alkylations. which proceed through a different mechanism (predominantly S\2' 

fromm CT-allyl complexes) than using palladium. The application of phosphoramidites in indium 

catalysedd allylic alkylations has recently been reported. ' The reaction was proposed to proceed 

throughh (7-allyl complexes as well, and resulted in enantioselectivities of up to 93 °<> with very high 

regioselectnn ity to the branched product (>99 %). In this chapter, we present the results we obtained 

inn testing bulky phosphoramidites in palladium catalysed allyli c alkylations using different allylic 

substrates.. The ligand effects on regio- and enantioselectivity wil l be described, together with the 

observationn of a large regiochemical memory effect, and the extension thereof to asymmetric 

transformations. . 

rr  n 
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6.22 Results and Discussion 

6.2.11 Ligands. In Chapters 3 and 4 of this thesis, several bulky phosphoramidites, based on 

bulkyy biphenol. binaphthol. or TADDOL backbones are described. These can be synthesised 

relativelyy easily and possess modular properties, allowing fine-tuning of their steric and electronic 

characteristics.. An overview of the ligands we applied in the present studies of the palladium 

catalysedd allylic alkvlation is shown in Figure 1. 

MeO O 

MeO O 

P - N N 

Ar.. Ar 

0-~^~00-~^~0 R 

 R' 
Arr Ar 

Ar.. Ar 

P T '' <A R 

cyS^oo R' 
Arr Ar 

(R.RJ-TADDOLL deriv 

ligandd 2a 2b b 

(S.Sj -TADDOLL deriv. 

2cc 2d 2e e 2f f 

RR = CH 3 C 2 H 5 C H 3 CH 3 CH(CH3 )2 C 2 H 5 

R'' = CH 3 C2HS (R)-CH(CH3)Ph (S)-CH(CH3)Ph C H ( C H 3 > 2 C 2 H 5 

A r == 3.5-(CH3 )2C6H3 3.5-(CH3 )2C6H3 3 ,5-(CH3 )2C6H3 3,5-(CH3 )2C6H3
 P h 2-Naphthyl 

ligandd 2g 

NR-NR-

NR'' = 

Arr = 

2h h 

- N - C H 3 3 

3,5-(CH3 )2C6H33 3 ,5-(CH3 )2C6H3 

Ar.. Ar 

O ^ Y ^ - O ,, ,C 2 H 5 

P - N N 

Arr Ar 

Arr = 3.5- (CH 3 ) 2C 6H 3 

Si(CH3)3 3 ligandd 3a 3b b 

RR = C 2 H 5 C H 3 

R'' = C 2 H 5 (R)-CH(CH3)Ph 

Si(CH3)3 3 

(RJ-BINOLL deriv. 

Figuree 1. Overview of the ligands employed in this study. 
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6.2.22 Allyli c Alkylatio n Reactions. Phosphoramidite 1 was tested in the palladium catalysed 

allylicc alkylation reaction of different mono-substituted allylic substrates. In this case, three 

differentt isomeric products can be formed (see Scheme 4). The linear product, arising from 

nucleophiliee attack on the non-substituted terminus of the allyl moiety, can be formed in E (trans) 

orr Z (cis) geometry. Attack on the substituted site of the allyl results in formation of the branched 

product.. The results for the catalytic reaction of crotyl acetate ((£)-3-methyl-2-propenyl acetate. 

5b).. cinnamyl acetate ((/T)-3-phenyl-2-propenyl acetate. 6b). and raoa-vinyl benzylacetate (1-

phenyl-2-propenyll  acetate. 7b) and the corresponding chlorides. 2-sodium diethyl 2-

methylmalonatee are shown in Table 1. 

R ^ \ / XX [Pd(r|3-C3H5)(OAc)]2 / 2 L 

22 equiv. Na* Nu" 
RR = C H 3 5 ». 

Phh 6 THF, rt 

Nu u 

Ph h 
linearr E linearr Z 

Nu u 

branched d 

OAc c 
OO O 

Nu u NaX X 

Schemee 4. Allyli c alkylation of mono-substituted allyl substrates using monodentate 

phosphoramidites. phosphoramidites. 

Tablee 1. Catalytic alkylation of mono-substituted allyl compounds 5-7 with 2-sodium diethyl 2-

methylmalonatee using [Pd(rf-C\H5)(OAc);]: / 1 " 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7' ' 

8 8 

9' ' 

substrate. . 

5a a 

5b b 

55 c 

55 b 

,',., , 

61) ) 

6b b 

77 b 

7b b 

XX = 

CI I 

OAc c 

OTf f 

OAc c 

CI I 

OAc c 

OAc c 

OAc c 

OAc c 

RR = 

CH3 3 

CH3 3 

CH3 3 

CTF, , 

C6H5 5 

C Jk k 

C6H5 5 

1-C6H5 5 

1-C„H< < 

TOF' ' 

180 0 

122 2 

n.d. . 

174 4 

284 4 

56 6 

11 13 

202 2 

307 7 

%% linear E 

43 3 

84 4 

58 8 

40 0 

91 1 

97 7 

99 9 

33 3 

N4 4 

%% linear Z 

14 4 

8 8 

11 1 

3 3 

0 0 

o o 

0 0 

0 0 

0 0 

%% branched 

43 3 

8 8 

31 1 

57 7 

9 9 

3 3 

1 1 

67 7 

16 6 

""  Reaction conditions: Pd 1 allylic substrate nucleophile = 1 1 100 200; [Pd] = 10 mM 

inn THF. Reaction time is 2 hours. Selectivity after final conversion, determined by GC using 

dihexyletherr as internal standard. ' initial turn-over frequency, determined after 5 mins. ' 20 

equivalentss (to Pd) of (/?-Bu)4NBr added. 
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Inn all experiments, more than c)5 '\, eomersion was obtained within two hours. The 

regioselectivitvv observed in the allyli c alkvlation appears to be largely dependent on the anionie 

counterionn present. For crotyl chloride (5a). the branched and linear E product are formed in equal 

amountss (43 "o). together with a minor amount of the 7, product. Upon changing to crotyl acetate 

(5b).. the regioselectivitv shifts dramatically towards the linear E product (84 (V entry 2). This 

changee in regioselectivitv is accompanied by a drop in reaction rate. When 20 equivalents of tetra-

d-butyll  bromide are added, the high selectivity towards the branched product is restored, resulting 

inn an even slightly higher percentage of branched alkene (57 %). A similar trend is observed when 

thee methyl substituent is replaced by the larger phenyl group, although in this case the overall 

formationn of the E linear product is much more favoured than for the crotyl substrates (entries 5-1). 

Noo formation of 7 alkene is observed for the einnamyl substrate (6). This is in accordance with 

observationss in other studies.1 '! The addition of bromide results in an increase of the amount of 

branchedd product formed. Furthermore, for the phenyl-substituted allyl substrate, the allylic 

substitutionn displays a large memory effect. Thus, the alkvlation of cr-vinylbenzyl acetate 7b yields 

aa product mixture in which 67 % of the branched product is formed, compared to only 3 % starting 

fromm the isomeric linear substrate (entries 6 and 8). This memory effect largely disappears when 

extraa halide is added to the reaction mixture (entry 9). 

Too gain more insight into the origin of the observed regioselectivitv. stoichiometric allylic 

alkvlationn reactions were also carried out. In the stoichiometric reactions, the complex geometries 

havee fully equilibrated to their thermodynamic ratios prior to alkylation. Therefore the 

regioselectivitvv observed in these alkylations wil l reflect the thermodynamic composition of the 

Pd(( 1 )(allyl)(X) complexes, assuming that the nucleophilic attack is faster than isomerisation of the 

Pd(allyl)) complex Recent research into the regioselectivitv in stoichiometric allvli c alkvlation 

usingg bidentate ligands has shown that the syn complex reacts mainly towards the linear E product, 

withh formation of small quantities of the branched product. The isomeric anti complex reacts to the 

branchedd product or the linear Z product.'14' ' ' '' The reactions were performed by addition of a 

largee excess of 2-sodium diethyl 2-mcthylmalonate to a solution of the Pd(allyl)(l >(X) complex (X 

~~ CI. OAc). The results of the stoichiometric alkylation reactions are shown in Table 2. 

Thee observed selectivities in the stoichiometric alkylation differ significantly from those 

obtainedd from the catalytic experiments. For the stoichiometric reactions, the regioselectivitv 

obtainedd when the crotyl complexes are applied is relatively insensitive to the counterion present 

(Tablee 2. entries 1-3). This is in sharp contrast to the catalytic reactions (Table 1. entries 1-4). 

wheree the presence of halide is required for formation of the branched alkene. Stoichiometric 

reactionss with the corresponding einnamyl complexes result in similar observations. Thus, the 

applicationn of Pd(cinnamyl)(1 )(OAc) yields linear £ and branched product in a S3:17 ratio (entry 

5).. whereas in the catalytic reaction the branched product is formed in only 3 '\> (see Table 1). The 
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5a a 

5b b 

5b b 

6a a 

6b b 

6b b 

CI I 

OAc c 

OAc c 

CI I 

OAc c 

O.Ac c 

CH; ; 

CH. . 

CH, , 

C H , , 

C,H5 5 

ChH, , 

39 9 

37 7 

31 1 

94 4 

83 3 

98 8 

8 8 

8 8 

3 3 

Ü Ü 

0 0 

0 0 

resultss from the stoichiometric experiments with halide present do not deviate significantly from 

thosee of the catalytic reactions, resulting in high selectivity towards the linear E alkene. 

Tablee 2. Stoichiometric alkylation of Pd(3-RC JI4)(X)( 1) with 2-sodium diethyl 2-methylmalonate'' 

entryy substrate. X = R= % linear E "o linear Z "« branched 

66 6 

6 6 

17 7 

i;; Reaction conditions: Pd nucleophile ~ 1 50 : [Pel] = 10 m\1 in THF. Selectivity determined 

byy CiC. ' 20 equivalents (to Pd) of (;?-Bu)4NBr added. 

Thee observed trends can be explained as follows. From the principle of microscopic 

reversibilityy it follows that the oxidative addition (being the reverse reaction of reductive 

elimination)) of allyli c compounds to Pd(0) containing monophosphine ligands occurs in a cis 

fashion.. Thus, the initial complexes formed from crotyl or cinnamyl substrates wil l have the 

substituentt on the ally I moiety and the ligand in a cis relationship (sec Scheme 5). 4"" i'1 Since in the 

NMRR spectra only the syn, trans complexes (b) arc observed (rick' infra), we conclude that this is 

thee most stable complex geometry. Therefore, the initially formed srn. cis complexes a wil l 

isomerisee to the corresponding trans complex, via a pseudorotation mechanism. ! The 

observedd regiosclectivity during catalysis wil l depend on the rate of this isomerisation. the 

equilibriumm constant of the equilibrium C between a and b (Scheme 5) and the rate of nucleophilic 

attackk (A and B). It has been shown by several groups that the addition of halide anions can 

acceleratee dynamic processes in Pd(/r-allyl) complexes considerably.1, 4',"JN| Since attack of the 

nucleophilee wil l mainly occur on the ally I terminus trans to phosphorus (having a much larger 

transtrans influence than the anionic ligand),44' " the syn. trans complex b wil l mainly react to the 

branchedd product (route B). The presence of halide counterions (CI or Br) enhances the rate of 

isomerisationn and therefore the amount of branched product formed. The isomerisation C from the 

initiall yy formed cis complex a in the case of the Pd(RC;H4)( 1 )(OAc) complexes is slower compared 

too the halidc-eontaining intermediates, resulting in formation of a larger amount of the linear (£) 

productt through pathway A. This is what is observed using crotyl substrates. 

Forr the phenyl substituted substrates, the situation is slightly different. Similar to the crotyl 

substrates,, the isomerisation C in the cinnamylpalladium complexes wil l be relatively slow when 

OAc""  is the counterion. This is confirmed by the presence of the strong memory effect: when the 3-
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phenyll  substituted substrate 7b is employed, which initially forms the trans complex (b). a high 

selectivityy towards the branched product is observed. In contrast, the 1-acetoxy substrate (6b) will 

formm the cis isomer (a) and therefore mainly reacts towards the linear product. The presence of 

halidee enhances the rate of isomerisation between the cis and trans complexes drastically, resulting 

inn faster isomerisation relative to nucleophilic attack. In this situation, the linear (f)-product is 

formedd predominantly. However, since only the trans complex is observed in NMR. this implies 

thatt for cinnamyl complexes the cis complex reacts with higher rate than the corresponding trans 

complex,, resulting in the predominant formation of linear product. Being higher in energy (and 

thuss unfavoured in the equilibrium mixture), the energy barrier of the cis complex for nucleophilic 

attackk is apparently lower than that of the trans complex, resulting in higher reaction rates and 

thereforee higher selectivity to the linear product isomer. Additionally, the increased steric 

hindrancee of the phenyl group at the substituted ally] terminus hampers attack of the nucleophile on 

thiss carbon atom. Nucleophilic attack on this position is not favoured by electronic factors cither, 

whichh render the unsubstituted terminus more electrophilic. ,s| Therefore, a preference for the linear 

productt exists when employing cinnamyl substrates. Because of the large trans influence of the 

phosphoramiditee ligand. this product will be formed through the cis isomer (route A in Scheme 5). 

Thesee conclusions are supported by the observations in the stoichiometric reactions. If the 

isomerisationn of the Pd(cinnamyl)(l)(X) (X = CI, Br) complexes is very fast compared to 

nucleophilicc attack, the stoichiometric reactions should not deviate significantly from the results 

obtainedd in the catalytic reactions. This indeed is what we have found (Table 1 and 2). When no 

halidee is present, more of the branched product is formed, due to the slower cis/trans isomerisation. 

branched d 
synltranssynltrans b 

Schemee 5. Possible explanation for regioselectivity observed in palladium-catalysed allylic 

alkylationn using monodentate phosphoramidites. 
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Summarising,, halides enhance the rale of isomerisation in Pd(allyl)(l)(X) complexes, resulting 

inn more rapid equilibration of the isomeric complexes from the initially formed svn. cis to the more 

stablee svn. trans form. The latter isomer reacts mainly to the branched product. Therefore, the 

branchedd product is formed in excess when crotyl substrales are employed in the presence of halide 

counterforts.. In contrast, when phenyl substituted allyl substrates are used, the ris isomer reacts at a 

muchh higher rate than the trans complex (A'A » kB in Scheme 5), resulting in the formation of 

mainlyy linear product, despite the fact that it is present in only, very small quantities under 

equilibriumm conditions. Only when the branched a-vinylbenzyl acetate 7b is employed in the 

absenceabsence of halide anions, a significant amount of the branched product is formed, due to slow 

isomerisation. . 

6.2.33 Asymmetric Allyli c Alkylations. From the above, n is clear that phosphoramidite ligands 

formm a useful class of ligands for palladium catalysed allylic alkylation reactions. Moreover, the 

possibilityy of regioselective nucleophilic attack on the substituted allyl terminus enables the 

enantioselectivee formation of the (chiral) branched product. Therefore, we tested chiral 

phosphoramiditess in the asymmetric variant of the allylic alkylation reaction using both symmetric 

allyll  substrates and non-symmetric substrates. 

Ass a test reaction we chose the alkylation of l,3-diphenyl-2-propenyl acetate (8) using the 

dimcthvlmalonatee anion as the nucleophile (Scheme 6). To this purpose. I mol% [Pd(C\lf)(,Ll-

OAc)] :: and 2 equivalents of ligand were stirred at room temperature for 15 minutes before the 

reactionn was started. The nucleophile was formed in situ by addition of BSA (N.O-

bis(trimethylsilyl)) acetamide) and a catalytic amount of KOAc. The results of the catalytic 

reactionss are shown in Table 3. 

[Pd(,i3-C3H5)(OAc)]22 / 2 L* 

2CH2 (COOMe) 2 /BSA A ph h 

cat.. KOAc CH(COOMe)2 CH(COO 

CH2CI2,, rt Me>2 

88 9 (R) 9 (S) 

Schemee 6. .Asymmetric allylic alkylation of 1.3-diphen> l-2-propenyl acetate (8). 

Usee of TADDOL-based phosphoramidites in the asymmetric alkylation of l,3-diphenyl-2-

propcnvll  acetate resulted in excellent yields and good enantioslectivity of the product in most 

cases.. Thus, employing {R.R)-2b as the chiral auxiliary, product 9 was obtained in 89 % ee. having 

SS configuration. Lowering the reaction temperature marginally improved the enantioselectivity to 

900 % (entry 4). but the conversion was incomplete in this case. Reaction with the corresponding 

ligandd having the opposite stereochemistry in the TADDOLate backbone results in the same ee. 
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withh the opposite enantiomer (R) formed in excess (entry 5). Changing the .structure of the 

backbonee at the remote aeetal moiety (ligand 2i) resulted in a decrease of ee to 81 "o (entry 6). This 

cann be explained by the fact that the cyclohexyl group slightly distorts the adjacent ring structure, 

andd hence affects the geometry of the aryl substituents. Variation of the aryl moieties also has a 

largee influence on the stereochemical outcome of the reaction: both the 2-naphthyl (2f) and phenyl 

(2e)) containing ligands A and B give rise to lower ee's compared to the 3.5-dimethylphenyl group 

(entriess 7 and X). The structure of the amino-group in the ligand has a much less pronounced 

influencee on the enantioselectivity (entries 9-14). The pipera/ine substituted ligand 2g gives lower 

ee.. In the case of the .Y.tt-dimethylbenzyl amino substituent, the possibility of chiral cooperativity 

effectss arises. Such effects, although not extremely large, have been observed using the same 

ligandss m asymmetric intramolecular Heck reactions ? ' (see also chapter 4 of 

Tablee 3. Asymmetric allylic alkylation of 8 with dimethyl malonate using phosphoramidite 

ligandss 2-4'' 

ntry y 

I I 

~i ~i 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15" " 

16' ' 

ligand d 

4 4 

(K)-3b b 

(R,R)-2b (R,R)-2b 

(R.R)-2b (R.R)-2b 

(S.S)-2b (S.S)-2b 

(R,R)-2i (R,R)-2i 

(R.R)-lf (R.R)-lf 

(R.R)-lv (R.R)-lv 

(R,R)-2g (R,R)-2g 

(R.R)-2a (R.R)-2a 

(R.R,S)-2d (R.R,S)-2d 

(R,R.R)-2c (R,R.R)-2c 

i.S,S,S)-2d i.S,S,S)-2d 

i$.S,R)-2c i$.S,R)-2c 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

temperaturee (°C) 

25 5 

25 5 

25 5 

0 0 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

yieldd ("o)'" 

65 5 

n.d. . 

> 99 9 

87 7 

>> 99 

70 0 

86 6 

>99 9 

n.d. . 

n.d. . 

> 99 9 

>> 99 

>> 99 

98 8 

>> 99 

34 4 

eee (°o) (config.)' 

688 (/?) 

67(A) ) 

899 (S) 

900 (S) 

900 (R) 

811 (S) 

611 (S) 

733 (S) 

833 (S) 

888 (5) 

922 (5) 

87(5) ) 

ÜKR) ÜKR) 

933 f/?) 

666 (.V) 

855 (5) 

""  Reaction conditions: Pd ligand allyl dimethyl malonate BSA ~- 1 2 100 150 150 in 

CH;Ckk Catalyst incubation time is 15 mins. reaction time 16 hours, based on conversion of the 

acetate,, determined by CiC using dihexyl ether as internal standard: n.d. - not determined, 

determinedd by HPLC (Daicel OD). reaction carried out in THF using 2-sodium diethvl 2-

methylmalonatee as the nucleophile. ' 20 equivalents (to Pd) of (//-Bu)4\Br added. 
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thiss thesis). In the asymmetric alkylations. a positive effect is observed «lien the amine moiety 

andd the TADDOLate backbone have the opposite configuration (entry 11 and 14). The latter 

determiness the absolute configuration and enantioselcctiv ity of the reaction to a large extent (Table 

3).. but a further increase to 93 "o ce is observed when ligand [S,S,R)-2c is employed, see entry 14. 

Changingg the nucleophile to 2-sodium diethyl 2-methylmalonate in TIIF has a strong detrimental 

effectt on the level of stereocontrol. see entry 15. The addition of extra halide anions lowers both 

100 0 

80 0 

ST T 
rr  so 
o o 
fe.fe. 40 
a> > 
<D D 

20 0 

0 0 

Figur ee 2. Correlation between the cnantiopurity of the ligand and the enantioselectivity in the 

reactionn of 8 to 9. 

thee product yield and ee (entry 16). 

Too gain insight into the coordination-mode of the bulky phosphoramidite ligands during the 

catalyticc reaction, we tested the dependence of the observed enantioselectivity in the model 

reactionn on the enantiopurity of the ligand employed. Such relationships have been shown to give 

importantt information on the nature of the catalytically active species.1'" ' "' The results for ligand 

2bb are shown in Figure 2. Within experimental error, the stereochemical outcome of the reaction is 

linearlyy correlated to the ee of the ligand. Therefore, a reaction mechanism in which the active 

catalyticc species has only one chiral ligand ligated to the Pd centre is feasible, similar to the 

enantioselcctivee Heck cyclisations (see Chapter 4 of this thesis).'52' 

Ass was demonstrated before, bulky phosphoramiditcs show the possibility of steering the 

rcgiosclcctivityy of monosubstituted allylic compounds towards the chiral. branched product (see 

sectionn 2.2). Therefore, we also probed these TADDOL based ligands in the asymmetric allyli c 

alkylationn using other prochiral. non-symmetrically substituted substrates. The results of the 

reactionss performed with rac.-l-phenyl-2-propenyl acetate (a-vinylbenzyl acetate 7b). rac.-\-

yy = 0.8876x+ 1,5436. 
R22 = 0.9985 

20 0 400 60 

eee ligand (%) 

100 0 
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phenyl-3-but-l-eny]]  acetate (l-methyl-3-phenylallyl acetate 10) and cinnamyl acetate (6b) with 

dimethyll  malonate in dichloromethane at room temperature are shown in Table 4. 

R R 

OAcc [Pd(n
3-C3H5)(OAc)]2 / 2 L* 

RR = CH3 10b 2CH2 (COOMe)2 /BSA 11 1 

. X H i i 

CH(COOMe)2 2 

Ph . . 

P h ^ * / ^ . C H 3 3 

CH(COOMe)2 2 12 2 

Ph h 

HH 6b " 
cat.. KOAc 

' - ^^ CH2CI2, rt P h ^ ^ \ ^ , C H ( C O O M e ) 2 

OAcc 7b 1 3 1 4 

Schemee 7. Palladium-catalysed allylic alkylation with unsymmetrically substituted allvl substrates. 

CH(COOMe)2 2 

Tablee 4. Asymmetric allylic alkylation of 6b, 7b and 10 with dimethyl malonate using 

phosphoramiditee ligands 2b and 3b'' 

;ntryy substrate temperature ligand yield' regioselectivity' ee("„) ) 

1 1 

2 2 

3 3 

4' 4' 

5 5 

6 6 

10b b 

71. . 

7b b 

7b b 

61) ) 

7b b 

25 5 

2> > 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R.R)-2b (R.R)-2b 

(R)-3b (R)-3b 

>95 5 

>99 9 

79 9 

>99 9 

>99 9 

>99 9 

94 4 

999 : 1 (11 : 12) 

:: 6 (lin.: branch.) 

94:6 6 

98:2 2 

98:2 2 

26:: 74 

3̂  ^ 

18 8 

25 5 

n.d d 

n.d d 

7 7 

''' Reaction conditions: Pd / ligand / allyl substrate ' dimethyl malonate / BSA = 1 / 2 / 100 /150 
i c nn : „  r ^ l l r -1 r ^ f o K j c t i n z - i i t i o t i n n H r v i ^ i c 1^ m i n e r ^Q /^ t i r »n t-imp» ! £ h r , n rc ^ K Q C PH r m r - n n i f p r c i nn II  JW 111 l. I [ A 1 .̂ L i l l d U M I I IL UL'cll IU11 111 l i t 15 I ^ 1111115. I ^ a C U UI I L11 11 k. 1 U 1IÜU13. ua.->v_u Ul l L O I l V C I b l U I j 

off  the acetate, determined by GC using dihexylether as internal standard. ' determined by GC. 

determinedd by HPLC (Daicel OD). n.d. = not determined ' 20 equivalents (to Pd) of («-Bu)4NBr 

added. . 

Ass for most ligands reported.1'1 the high level of enantioselectivity obtained for the 1.3-

diphenylallyll  substrate (8) drops dramatically when allylic substrates containing smaller 

substituentss are employed. Thus, reaction of 10 with dimethyl malonate in the presence of ligand 

(R,R)-2b(R,R)-2b results in complete regiosclectivc formation of the product stemming from nucleophilic 

attackk at the methyl-substituted allyl terminus (11) in 32 % ee (entry 1). compared to 89 % ee for 

diphenylallyll  substrate 8. Moreover, the strong regiochemical memory effect observed for ligand 1 

(Tablee 1) is not found for the TADDOL-based chiral phosphoramidites (Table 4. entries 2-5). 

Apparently,, for all non-symmetrically substituted allyl substrates, the isomcrisation and or the 

relativee reactivity of the transient Pd(2)(allyl) complexes largely favours reaction from the isomer 

131 1 



ChapterChapter 6 

bearingg the phenyl substituent cis to the bulk) ligand. In the case of cinnamyl derivatives this 

resultss in the formation of mainly linear (non-chiral) product. When BINOL-based ligand (/?)-3b is 

employed,, the regiochemical selectivity is higher for the branched product again. This ligand is 

expectedd to have steric properties that arc similar to those of ligand 1 because of the resemblance of 

thee backbones in both ligands. However, the enantioselectivity observed when using (R)-3b is very 

low.. also when compared to the enantioselectivity obtained using (R)-3b in the alkylation of 1,3-

diphcnylallyll  acetate 8 (resp. 7 % and 67 % ee). Possibly, the diminished steric constraints reduce 

thee steric interactions that discriminate the two possible pathways upon ally! rotation (sec also 

sectionn 2.6). The reason for this remarkable influence of the ligand backbone on the rcgioselectivitv 

(i.e.(i.e. the memory effect) is unclear at present. 

6.2.44 Complex synthesis and characterisation. To investigate the coordination behaviour of 

thee bulky phosphoramidites in more detail, we synthesiscd various Pd(allyl)(L)(X) (ally! - ( \ l k 

C,,HfC;H4.. l,3-(C6H5);CiHi; L - bulky phosphoramidite, X - CI. OAc) complexes and studied 

themm using NMR spectroscopy. The chloride-containing complexes could readily be obtained by 

reactionn of the ligand with 0.5 equivalent of the corresponding fPd(allyl)(/.(-CI)]2 dimer. yielding 

thee desired complexes in near-quantitative yields. The acetate complexes were prepared from the 

cis/tmnscis/tmns isomerisation 

kk .X 22 ,,Pd' 22 ,sPd-

syn/antisyn/anti exchange 

U U 
2 2 ,vvPd--

^^  3 

H H 

L~Pd d ̂
 ^ fd~ ~ 

^ 3 3 

epimensation n 

R k --

H H 

22
 0 P d ' 

H11 Pd 
LL X 

RR = H, alkyl, aryl 
R R 

H H 

22 ^Pd' 

Schemee 8. Possible isomerisation mechanisms in Pd(L)(X)(allyl) complexes. 
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Pd(allyl)(OAc)-diinerr (prepared trom the chloride-dimer by reaction with AgOAc). These 

complexess appeared to be less stable than their ehloro-analogues and were therefore not isolated. 

Forr the non-chiral ligand 1. the complex Pd(t\Fb)( 1 )(C1) can exist as two enantiotopic isomers 

(possiblee contemners arising from different orientations within the ligand excluded): the complex 

withh the allvl "up" or. alternatively, "down'.4" These two isomers are enantiomers in the case of the 

CTTT ligand and any other C:, symmetric ally! moiety. As expected, the P NMR spectrum showed 

onlvv one sharp resonance at Ö 140.1 (CDCb. 20 'C). Addition of an extra 0.5 equivalent of ligand 

didd not change the spectrum for the complex, but only resulted in the appearance of the signal of 

uncoordinatedd phosphoramidite (153.3 ppm). Inspection of the corresponding 'H NMR spectrum 

revealedd that all allyl protons are inequivalent. showing slightly broadened signals at room 

temperature.. This confirms that only one ligand coordinates to the Pd centre. The broadening of the 

allyll  protons can be explained by slow syn ami exchange through the well-known if-rj'-if 

mechanism,, see Scheme K (R-H). The exchange is faster for the allyl protons having the lowest 

shiftss in the H NMR spectrum. Cooling down to -20 °C resulted in sharpening of the allyl 

resonances,, while the peak in the ' 'P NMR spectrum broadened significantly. Phosphorus 

decouplingg of the proton spectrum resulted in the change of the two apparent triplets stemming 

fromm the allyl moiety into two doublets. Therefore, these two signals can be attributed to the 

protonss being trans to the phosphoramidite ligand. This implies that the synanti exchange is faster 

forr the protons situated cis to the bulky ligand. On further cooling, the phosphorus resonance 

decoalescess into two broad singlets of approximately equal intensity (1 : 1.1 at -70 °C). This 

decoalescencee is accompanied by broadening of the isopropyl protons from the amine moiety of the 

ligandd in !H NMR. The two observed different species at low temperature are likely to arise from 

thee two different orientations of the binhenv! backbone of the liuand. When rotation around the C-

CC axis is restricted, the ligands becomes chiral due to atropisomery. giving rise to two 

diastereomerss in the palladium allyl complex. 

Wee were able to grow crystals of Pd(C\HO( 1 )(C1) by slow evaporation of a solution of the 

complexx in hexanes. X-Ray analysis of the crystals revealed that these contain onlv the isomers 

havingg the (7?L1J-configuration of the two possible atropisomers in the ligand backbone. Both 

enantiomerss hereof are present in equal amounts in the crystal lattice. The structure of the (5)-

ïsomerr is shown in Figure 3. and confirms the mono-coordination of the bulky ligand to the 

palladiumm centre. The non-symmetric environment of the allvl moiety is rellected in the bond 

distancess observed in the solid state structure (see Table 5). The allyl shows significant 

dissvmmetricc (in the direction of ly-r]  type) character, the Pd-C bond trans to the phosphoramidite 

ligandd being longer than the one at the cis position (2.1X1(2) A vs. 2.150(2) A resp.. see Table 5). 

causedd by the stronger trans influence of the phosphorusamidite compared to the chloride. "*  The 

lengthh of the C-C bond within the allyl group trans to phosphorus is 1.350((S) A and shows 

significantt more double bond character than the otfi-r C'-C bond, which :s 1.437(5] \. Nucleophilic 
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attackk will take place preferentially on the trans terminus, w hich is more electrophilic. Remarkably, 

thiss difference is reversed (although smaller) for the (/?)-isomer in the crystal structure. This 

reversedd order has been observed before in allyl complexes bearing bidentate phosphinyloxazoline 

ligands'' ' or monodentate phosphincs. ' In addition, sterically the trans site seems more 

favourablee for attack, since there is virtually no steric hindrance present on this side of the allyl, as 

cann be seen from the crystal structure. This effect will be even more important for monosubstituted 

allyll  substrates, since the substituents on the newly formed sp' carbon atom have to bend 

backwardss during the reaction, into the relative empty space around the chloride ligand. 

Figuree 3. Molecular structure of (S)-Pd(C<,PhC;H4)(l )(C1) in side-view (left) and front-view (right). 

Tabell  5. Selected distances (A) and bond angles (°) from the crystal structure of Pd(C3H5)(l)(CI) 

Pd(( l ) -C ( l ) 

Pd(l)-C(2)(/J) ) 

Pd( l )-- C(2) (S) 

Pd(l)-C(3) ) 

Pd(( 1) - P(l) 

Pd(l)) CHI) 

C(2)(R)-C(2)(R)- C(l) 

2.181(2) ) 

2.173(5) ) 

2.159(5) ) 

2.150(2) ) 

2.2960(5) ) 

2.3597(5) ) 

1.410(5) ) 

C(2)(R)C(2)(R) C(3) 

C(2)(5)) -C(l) 

C(2)(5)-C(3) ) 

Cl(l)) Pd( l ) -P( l) 

Cl(( I) - Pd(l) - C(l) 

P(l)) Pd(l)-C(3) 

1.382(6) ) 

1.350(6) ) 

1.437(5) ) 

96.83(2) ) 

92.09(6) ) 

103.63(6) ) 

Complexess bearing unsymmetrically substituted allyl moieties have a larger number of possible 

isomerss than those without substituents. For the cinnamyl-containing palladium complex for 

example,, eight different isomers can be envisaged (again assuming fast rotation around the Pd-P 

axis):: the syn.trans-, syn.cis-, anti.trans- and anli.syn complexes, each constituting of two 
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enantiomers.. However, in the case of nonchiral phosphoramidite 1. the monosubstituted allyl 

complexess show a behaviour similar to the unsubstituted complexes. Thus. Pd( l -CJfC'J l iK 1 )(C1) 

showss four different allyl resonances in the H NMR spectrum at room temperature, demonstrating 

thee dissv mmetry in the complex caused by mono-coordination of the phosphoramidite. from the P-

III  and H-H couplings observed on the hydrogen attached on the ben/ylic carbon atom ( ,/(..n = 14 

11/.. './H-H = 15 Hz) in this complex we conclude that the preferred geometry of the einnamyl is 

ironsirons with respect to phosphorus and syn to the central allyl hydrogen. No other complexes are 

observed,, as is confirmed by " P NMR spectroscopy, which shows one signal at 141.4 ppm. This 

confirmss the assumption that the allyl moiety wil l orient itself in a fashion in which it experiences 

thee least steric hindrance, i.e. trans, syn to the bulky ligand. The signals of the two protons on the 

non-substitutedd terminus of the allyl ligand are very broad at room temperature, indicating syn ami 

exchange.. No sin anti isomerisation is observed for the other side of the allyl over a temperature 

rangee oï -50 'C to - 55 :C. The acetato-eomplexes showed similar behaviour. Upon addition of an 

excesss of ligand to a solution of Pd(CH-,C.-TU)( 1 )(OAc). prepared in situ, no changes in the the 'H 

NMRR spectrum were observed, and only the signal of free 1 appeared in ' P NMR. Therefore we 

concludee that also in the Pd(allyl)(OAc) complexes only one phosphoramidite ligand is coordinated 

too palladium. 

Next,, the behaviour of complexes bearing chiral bulky phosphoramidites was studied. The 

Pd(CTUHCl)((7(,,/?)-2b)) complex appeared to be present as two isomeric compounds, as indicated 

byy the presence of two resonances in the 'P NMR spectrum (Ö 1 19.3 and 1 17.3 ppm, C D : Ck -20 

JC).. This is in contrast with the results obtained for the non-chiral ligand complexes (vide supra). 

Thee ratio of the two isomers is temperature dependent, ranging from 2.7 : I at 50 X' to 1.5 : I at 

200 C. On further increasing the temperature, coalescence starts to occur. Unfortunately we were 

unablee to determine the coalescence temperature due to decomposition of the complex above 60 C 

(CDC1-,).. Also in H NMR spectroscopy the presence of the two isomers was observed. Overlap of 

thee signals of the ligand and the allyl hampered complete assignment of all the resonances, but by 

meanss of 2D NMR (GHSQC) we were able to confirm that both species are /r-allyl complexes. 

Becausee of the chiralitv of the ligand. the two isomers stemming from the different orientation of 

thee allyl fragment are diastereomers. The analogous complex Pd( U3-(C „IU) ;CTU)(('1)((/?,tf)-2b). 

bearingg the 1.3-diphenylally 1 moiety, showed only one signal (ö 1 19.4 ppm in ('1ICI-.) in the P 

NMRR spectrum over a broad temperature range (-60 to 40 ('). In H NMR spectroscopy, only one 

isomerr was observed (> 95 "»| as judged from the presence ol two ally 1 signals (the third resonance 

iss obscured bv overlap with signals of the ligand). No significant change was observed in the H 

NMRR spectrum upon variation of the temperature either. This suggests the presence of only one 

majorr isomer in solution for Pd( ].3-((.',lU):C-.H:)(C'l)((/?,/c)-2b). Unfortunately, we were unable to 
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obtainn crystals suitable for X-ray analysis of allyl complexes with 2 as the ligand to confirm the 

complexx geometry. 

6.2.55 Origin of Enantioselectivity. from the NMR studies of the Pd( 1.3-diphenylallyl)((/?./?)-

2b)(Cl)) complex (sec above), it is concluded that the complex exists mainly as one isomer. Based 

onn steric assumptions, we assume that the syii. syn geometry of the 1.3-diphenylallyl moiety is 

largelyy favoured. In this case, two isomeric complexes can be envisaged: one having the chirality 

fromm the palladium(L*)(X)(allyl) fragment with (S) configuration, and one having the opposite 

configurationn (R). These complexes can interconvert (epimerise) through an rf-rf-rf  mechanism 

similarr to synlanti exchange (see Scheme 8). Semi-empirical modelling studies (PM3(tm) level) did 

nott enable us to determine which of the diastereomers is thermodynamically the most stable, and 

thuss corresponds to the one observed by NMR spectroscopy. However, assuming that nucleophilic 

attackk will take place trans to phosphorus.'1'' " ' the reactive complex should be the one having 

thee allyl fragment coordinated in an (/^-configuration when employing the (S,S)-TADDOLate 

backbonee (see Table 3. entry 4). 

Wee explain the observed enantioselectivities using the following steric considerations. We 

assumee a transition state which resembles more the rf-alkene product complex rather than the n-

allyll  starting compound. Upon nucleophilic attack, the hybridisation of the carbon atom at which 

thee new bond is formed changes from sp" to sp\ At the same time, the coordination mode of the 

allyll  moiety changes from rf to rf. To enable this, the allyl has to rotate in a clockwise fashion for 

thee (R) allyl complex, whereas the (5')-complex will show counterclockwise rotation (Scheme 9). 

Inspectionn of the complex structures obtained from modeling reveals that in the Pd((5,5)-2b)( 1.3-

(C,,H>):C\ff,)(Cl)) complex the ligand adopts a geometry in which the lower left side of the allyl is 

shieldedd by one of the aryl groups of the ligand backbone (see Figure 4). This structure closely 

Nu u 

(R)(R) (when X = OAc) 

Nu u 
L\L\ ,X 

Ph h <^© ^ ^ Ph h 

(S) ) 

Ph h 

Ph h 

(S) ) 

Schemee 9. Pathways of nucleophilic attack on the rra«x-termini yielding the two enantiomers. 

136 6 



PhosphoramiditesPhosphoramidites in Palladium-Catalysed Allylic Alkylation 

resembless the ligand conformation found in the X-ray structure elucidated of the related [Pd(2)(4-

C6H4CN)(/J-Br)]:: complex (see chapter 4). Upon attack on the (S)-isomer, the counterclockwise 

rotationn moves the phenyl group at the sp"-hybridised carbon atom in close proximity of this aryl 

group.. In contrast, the clockwise rotation (from the (/? I-complex) will result in relief of steric 

interactions,, since both sides of the product alkene rotate into less occupied space around the metal 

centre.. Therefore, we expect the clockwise rotation to be more facile, resulting in the formation of 

thee {R(-product, as is observed. This simple steric model is supported by the fact that replacement 

off  the 3,5-dimethylphenyl groups in the TADDOLate ligands by other aryl moieties results in a 

largee decrease of stereoinduction, because of decreased steric interactions during the anti-clockwise 

rotationn of the alkene being formed, lowering the enantiodiscrimination. Using this model, the 

Ph h ^© ^ ^ Ph h 

CD D 

V V 

O O 

Ph h 

Figuree 4. Modelled structure (PM3(tm)-level) of the two syn,syn Pd((.S'.S)-2b)( 1.3-(C„H5):C\H.O(CT) 

complexess (left), schematically represented when viewed along the Pd-allyl axis on the right (the 

planee represents the aryl-fragment of the ligand blocking the ally] moiety upon rotation, empty 

circless represent minor steric interactions). 

aminee functionality is not expected to have a large influence in the stereochemical outcome of the 

reaction,, which is confirmed by experiment. 

Changingg the substrate from 1.3-diphenylallyl to the smaller l-methyl-3-phenylallyl or even 

cinnamyl.. also has a large detrimental effect on the observed ee's (Table 4). The simple model 

presentedd above for the mechanism cannot fully account for this observation, since one would 

expectt the enantioselectivity to be mainly dependent on the bulk of the substituent on the cis side of 

13" " 



ChapterChapter 6 

thee allyl. and rather insensitive towards substitution on the trans carbon of the allyl moiety. 

Probably,, the smaller bulk of the substituents bending backwards on the carbon atom on which the 

mieleophilee attacks also plays an important role in interacting with the chirality of the hgand and 

thuss preventing anticlockwise rotation. 

6.33 Conclusions 

Bulkyy monodentate phosphoramidite ligands can successful!) be applied in the Pd-catalysed 

allyli cc alkylation reaction with carbon nucleophiles. The results obtained with these ligands show 

interestingg features that differ considerably from the results generally obtained with symmetrical 

bidentatee ligands. especially with respect to regioseleetivity. From the studies on isolated 

complexes,, it was concluded that in the allylpalladium complexes only one ligand can coordinate to 

thee metal centre. Despite this monoeoordination. high enantioselectivities can be obtained using 

bulkyy chiral phosphoramidites and disubstituted allyl lie substrates. The ee's are significantly lower 

usingg substrates with smaller substituents or non-symmetrieally substituted allyl compounds. 

6.44 Experimental Section 

Generall  remarks. All experiments were carried out under a purified nitrogen atmosphere using 

standardd Schlenk techniques unless noted otherwise. Solvents were purchased from Acros and 

driedd prior to use. Toluene was distilled from sodium; THF. hexanes and diethylether from 

sodiumm benzophenone ketyl and dichloromethane from calciumhydride. .Y.O-bis(trimcthylsilyl) 

acetamidee (BSA). cinnamylchlonde and dimethylmalonate were purchased from Acros and used as 

received.. Other allyli c substrates were prepared following standard procedures.1"'1' The synthesis 

andd characterisation of the ligands employed has been described in Chapters 3 and 4. [Pd(C\HO(jU-

C'l)] ;,, [PdU'innamylM/j-Cl)]; and [Pd( 1.3-diphenylallyl)(1u-CI)]; were synthesised according to 

literaturee procedures.-'" " v 2-Sodium diethyl 2-methylmalonatc (0.5 M in THF) was prepared from 

diethyll  2-methylmalonate and NaH in THF at 0 X'. [Pd(erotyl){/j-OAe)]: was freshly prepared 

fromm the corrseponding chloride-bridged duner and AgOAc (1.0 equiv.) in the appropriate solvent, 

followedd by filtration o\er Celite). 

NMRR spectra were recorded on a Varum Mercury 300 (300.1 MHz) in CDC h and are reported in 

ppmm using tetramethylsilane (H and '(.') and X5 "„  H:P(): f ! P) as external standard. Data are 

reportedd as follows: (b - broad, s singlet, d - doublet, t triplet, q - quartet, m multiplet: 

integration;; coupling constant(s) in Hz; assignment). 'C NMR spectra were recorded on the same 

spectrometerr (75.5 MHz) in proton decoupled mode. Thin-layer chromatography was carried out 
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usingg Macherev-Nagel SIL G L'\' platos of Kieselgel 60. Column chromatography was performed 

usingg silica 61) (SDS Chromagel. 70-200 urn). GC measurements were performed t>n a Shimad/u 

GC-I7AA apparatus (split splitless. equipped with a F.I.I), detector and a BPX35 column (internal 

diameterr of 0.22 mm. fil m thickness 0.25 urn. carrier gas 70 kPa He)) and an Interscience HR GC 

Megaa 2 apparatus (J&W Scientillc. DB-1 column. 30 m inner diameter 0.32 mm film thickness 

3.00 tlin. carrier gas 70 kPa He. 1 .1.1). detector). GC MS measurements (P.I. detection) were 

performedd on a II P 5X90 5971 apparatus, equipped with a XB-5 column (5'\> cross-linked phenyl 

polysiloxane)) with an internal diameter of 0.25 mm and film thickness of 0.25 |im. Melting points 

weree measured on a Gallenkamp melting point apparatus and are uncorrected. HPLC 

measurementss for determination of enantiomeric excesses were performed using a Gilson apparatus 

equippedd with an Dynamax L'Y-1 absorbance detector. High Resolution Mass Spectra were 

recordedd at the Department of Mass Spectroscopy at the University o\~ Amsterdam using FAB 

ïonisationn on a JLOL JMS SX SXI02A four sector mass spectrometer with 3-nitrobenzyl alcohol 

ass a matrix. Elemental analyses were performed at the Department of Microanalysis at the 

Rijksimi\ersiteitt Groningen. The Netherlands. 

Pd(C,H5)(lKCl) .. A Schlenk vessel was charged with |Pd(allyl)(/y-C'l)]; (111 mg. 0.30 mmol) 

andd phosphoramidite 1 (293 mg. 0.60 mmol). Next. 15 mL of dichlorometliane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. Evaporation of the solvent gave the 

productt complex as a pale yellow microcrystalline powder in quantitative yield. Crystals suitable 

forr an X-ray analysis were grown by slow evaporation of a hexanes solution of the compound. 

'HH NMR (0 C: CD:CI:): 6 6.92 (bs, 211. <L)Ar-//) , 6.78 (bd. 2H. (L)Ar-//) . 5.18-5.09 (m. 1H. 

<allyl)-//„„ M,KK 4.41 (apparent t. IH. ./ = 8.8 Hz. (allyl)-// ;. s>11). 4.24-4.18 (m. 211. N(C//Me:) ;). 3.80 

(s.. 611. OC/ /J. 3.38 (apparent t. 111..7= 14.0 Hz. (allyl)-ZA..„„,) . 3.24 (bd. H i . . / - 5.7 Hz. (allyl)-

/ / : . , „ } .. 1.94 (d. 1H..7 = 12.2 H/. (all\ l)-/ / .,n) 1.47 (s. 911. C(C//-,h). 1.42 (s. 9H. C(C7/-,h>. 1.30 

(d.. 6H. ./ - 6.7 Hz. N<CH(C//,);H: X' \ H | NMR: 6 157.47. 146.14. 143.85 (d. ./ = 5.0 Hz). 

133.4.. 132.96. 1 19.78 ( d . . / - 9 .7 H/). 116.75. 115.59. 81.44 (d. ./ = 44.9 Hz). 61.49. 57.73. 50.76 

(d.. ./ - 12.1 Hz). 37.78. 33.32. 26.59; ' P N.MR (CDX'F): 5 140.1. HRMS (KAB") : calc. tor 

C.iH.-NOjPPdd (M-CI) m z 634.2277; found: m z 634.2297; Anal, calculated for C,;H4-CINOjPPd: 

C.. 55.53. H. 7.07. N. 2.09: found: C. 55.39. H. 7.12. N. 2.03. 

Pd{crotyl)(l)(CT) .. A Schlenk \essol was charged with [Pd(crotyl )(i/-CI)|: (37 mg. 0.09 mmol) 

andd phosphoramidite (92 mg. 0.18 mmol). Next. 5 ml. of dichloromethane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. The dichloromethane was reimned 

inn \actio and the resulting solid washed with two portions of ether (5 mL). After dr\ing under 

\acuumm the product complex was obtained as a beige microcrystalline powder in quantitati\e yield. 
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HH W I R (CD_C'I:): 5 6.96 (bs. 211. \x-H). 6.78 (bs. 2H. Ar-//) . 4.93 (bq. I H . J = 10.4 Hz. allyl-

HHmm,.j.,.j. 4.33-4.24 (m. 211. N(C7/Me:H. 4.16-4.(15 (m. 1H. allyl-//) . 3.80 (s. 6H. OCT/,). 3.06 (bs. 

1H.. allyl-//). 1.K6 (bd. IH. ,/ = 10.7 l b . ally]-//). 1.66-1.32 (m. 33H. L-allyl-C/A) ; X ' l 'H ! NMR 

(CD:C1:):55 155.S3. 144.51 (d . . /=6.1 Hz). 142.22. (d . . /= 4.9 Hz). 131.9(b). 131.5(b). 1 17.25 <d. 

.// 8.5 Hz). 1 15.1 1. 1 13.98. 100.04. 99.54. 66.20. 56.10. 49.20 (d. ,7 - 13.4 Hz). 36.17. 31.76. 

25.01.. 17.69 (d../-- 7.3 Hz): ; :P NMR (CD:C 1:): 5 143.6. HRMS(FAB'): calc. for CVm.NO.PPd 

(Vl-C'1)) mz 648.2434: found: m z 648.2430; Anal, calculated for CVH4.X'lN04PPd: C. 56.15. H. 

7.21.. N. 2.05: found: C. 56.12. H. 7.20. N. 2.01. 

Pd(cinnamyl)(l)(C]).. A Schlenk vessel was charged with [Pd(cinnamyl)(u-C'l)]: (91 mg. 0.18 

mmol)) and phosphoramidite (172 mg. 0.36 mmol). 10 ml. of dichloromcthane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. Fvaporation of the solvent gave the 

productt complex as a yellow powder in quantitative vield. 

III  NMR (0 V'; CDVV) : 8 7.30 (bs. 511. (cinn.)Ar-//). 6.96 (bs. 211. (L)Ar-//) . 6.80 (bs. 2H. 

(L)Ar-//) .. 5.50 (apparent double t. 111. ,/ = 12.6. 9.6 Hz (cinn.)-//m,vl). 4.91 (apparent t. 1 H. ,/ -

14.11 Hz. (aim.)-//;), 4.25 (heptet. 211. ,7 = 6.5 Hz. N(C7/MtV;). 3.80 {s. 6H. OCH,). 3.24 (bd. 111. 

 6.5 Hz. (cinn.)-//,vll ). 2.16 (bd. 1H. (cinn.)-//mll). 1.56 (s. 9H. C(C//.,).,). 1.48 (s. 9H, C(C//.0.0. 

1.288 (d. 6H. J - to be inserted, N(CH(C7/,):);): ' T | ' H| NMR: 8 153.74, 142.34. 140.33. 134.51 

(d.. , 7 - 9 .7 Hz), 130.37. 127.10. 126.71. 126.54. 126.49. 113.19. 111.82, 109.47 (d. J = 9.0 Hz). 

54.13.. 53.91. 47.69 (d. J = 12.8 Hz). 34.30. 30.13. 23.23; ; , |P NMR (CDVV): 5 141.4. HRMS 

(FAB'):: calc. for CVH?,N04PPd (M-CI) mz 710.2590: found: mz 710.2601: Anal. calc. for 

CVH,,ClN04PPd:: C. 59.52. H. 6.88. N. 1.88; found: C. 59.61. H. 6.82. N. 1.93. 

Pd(C,H<)((fl,fl)-2b)(CI).. This compound was prepared as described for Pd(<VHO(F)(CI). 

'HH NMR (500 MHz, -20 C; C'D:CI:): 5; X j ' H j NMR (500 MHz. CDVV. mixture of isomers): 

SS 144.12. 142.18. 142.11. 141.67. 138.38. 138.07. 137.58. 136.34. 129.73. 128.92. 128.80. 127.46. 

127.05.. 126.87. 126.37. 125.63. 125.10. 118.06. 117.87. 114.92.89.33.89.16.86.61.79.87.79.23. 

78.99.. 78.52. 65.89. 62.82. 57.16. 55.12. 41.06. 27.16. 26.89. 26.67. 26.54. 21.46. 21.39. 21.22. 

15.33.. 14.91; " p NMR (500 MHz. -20 V . CDVF): 8 119.25 (major isomer). 117.32 (minor 

isomer).. HRMS (FAB ): calc. for CVH^NOiPPd (M-C'l) mz 826.3216: found: mz 826.3198: 

Anal.. calc. for C4,H„;ClN() 4PPd: C. 64.04. H. 6.89. N. 1.62; found: C. 64.1 0. H. 6.82. N. 1.58. 

Pd(1.3-diphenylaHyl)<(/?,rt)-2b)(CI).. A Schlenk vessel was charged with [Pd(l.3-

diphenylallyl)(//-CI)l;; (91 mg. 0.18 mmol) and phosphoramidite {R.R)-2b (172 mg. 0.36 mmol). 10 

mff  of dichloromcthane was added and the resulting mixture was stirred for 30 min. at room 
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temperature.. Evaporation of the solvent gave the product complex as an orange yellow 

mierocryy stal line powder in quantitative yield. The compound decomposed slowly in solution. 

HH NMR: 5 7.60-6.78 (m. 22H. Ar-H). 6.19 (t. 1H.J = 12.9 Hz). 5.90 (d. I H . . / - 7.7 Hz). 5.12 

(d.. 1H. J= 7.5 Hz). 4.30 (apparent t. 1H. J = 13.0 Hz). 2.92-2.82 (m. Ml). 2.50-2.17 (m. 27H). 

1.59-1.511 (m. 211). 0.63 (s. 3H). 0.50 (s. 3H). 0.45-0.41 (m. 6H): ' T | : H | NMR (CD:CI :): 5 

144.62.. 142.07. 141.68. 141.62. 139.50. 138.51. 137.42. 136.35. 135.97. 130.72. 129.53. 129.25. 

128.77.. 12S.25. 128.20. 127.97, 127.84. 127.20. 125.73. 114.82. 107.27. 107.18. 94.40. 94.08. 

90.06.. 89.87. 85.93. 79.24. 78.44. 78.41. 71.39. 71.33. 39.82 (d . . /= 9.3 Hz). 26.87, 26.54, 21.83. 

21.50.21.39.21.17.. 13.83; y'P NMR: Ö 119.4 

Allyli cc Alkylatio n Reactions 

Generall  Procedure. A flame-dried Schlenk vessel was charged with freshly prepared stock-

solutionss in THF (I mL per experiment) containing [Pd(erotyl)(/j-OAc)]: (2.0 ing, 0.005 mmol) 

andd ligand 1 (4.9 mg. 0.010 mmol. 2 equiv.). Subsequently, the allyli c substrate (1.0 mmol) and 

dihexyletherr (50 u.L) as internal standard for GC measurements were added and the reaction 

mixturee was stirred for 15 minutes at room temperature, 4 mL of a 0.5 M solution of 2-sodium 

diethyll  2-methylmalonate (2.0 mmol) was added, and the solution was stirred at room temperature. 

Aliquotss were taken from the reaction mixture at certain time intervals, diluted with diethyl ether, 

washedd with saturated aqueous ammonium chloride solution, dried over MgS04 and analysed by 

GC. . 

Asymmetricc Allyli c Aikylatio n reactions 

Generall  Procedure. A flame-dried Schlenk vessel was charged with [Pd(allyl)(u-OAc)]: (2.0 

nig.. 0.005 mmol) and ligand (0.020 mmol. 4 equiv.) through freshly prepared stock-solutions in 

CH;C1;; (2 mL per experiment). Subsequently, the allyli c substrate (1.0 mmol) and dihexylether (50 

p.L)) as internal standard for GC measurements were added, followed by dirncthylmalonate (171 u.L, 

1.55 mmol). This mixture was stirred at room temperature for 15 minutes. The reaction was started 

byy addition of A.0-bis(trimcthyIsilyl) acetamide (371 |jL. 1.5 mmol) and KOAc (1 mg). The 

reactionn was monitored by GC and TLC. After the desired reaction time, the mixture was diluted 

withh Lt :() (10 mL). washed with saturated ammonium chloride solution (5 mL) and dried over 

\1gS()4.. Evaporation of the solvent gave crude product which was purified bv flash column 

chromatographyy (SiO:. eluens: LtO.Ac hexanes = 1:3) to yield a colourless oil. The enantiomeric 

excesss was determined by chiral HPLC (Daicel OD. //-hexane 2-propanol = 99.5 : 0.5. flow 0.5 
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111LL min. !R (R) ^ 35.4. tR (S) = 38.7 mm. A. = 254 nm for the product from 1.3-diphenylallyl 

acetate). . 

Computationall  Details 

Al ll  calculations were performed on a SG workstation using the commercially a\ailablc 

SPARTANN program (\ersion 5.Ü.3.). The geometry optimisations were carried out on semi-

empiricall  (PM3(tm|) level after optimisation using molecular mechanics (Sybyl force field), for the 

Pd(L)(CI)(allyl)) complexes, in which L is the structure of the ligand without the substituents on the 

acetall  moiety in the backbone. The product ?j~-alkene complexes were modelled using -

CH(COOH):: as the newly coupled fragment. 

X-ra yy crystal structur e determination of Pd(l)(C,H,)(Cl) : 

C.':,|H4-ClN04PPd,, Fw - 670.52. pale yellow block. 0.30 x 0.30 x 0.15 mm'. Monoclinic crystal 

system,, space group P2, c (no. 14). Cell parameters: a = 10.9862(1). b - 16.6159(1) A. c = 

18.1533(2)) A. (5 = 104.4576(3)°. V - 3208.86(5) A'. Z = 4. p = 1.388 g cnV\ 41792 reflections 

weree measured on a Nonius KappaCCD diffractometer with rotating anode and VIo-K (, radiation 

(graphitee monochromator. A, - 0.71073 A) at a temperature of 150 K. An absorption correction 

basedd on multiple measured reflections was applied (|U = 0.75 mm', 0.80-0.89 transmission). The 

reflectionss were merged using the program SORTAV1 '''. resulting in 7358 unique reflections (Rl]l t 

== 0.0493). of which 6093 were observed \\ > 2rj(l)] . The structure was solved with automated 

Pattersonn methods using the program DIRD1F . and refined with the program SHFLXL97'1 

againstt P of all reflections up to a resolution of (sin 0 A.)nKl, ~ 0.65 A"'. Non hydrogen atoms were 

refinedd freely with anisotropic displacement parameters, hydrogen atoms were refined as rigid 

groups.. The allyl ligand was rotationally disordered over two conformations and was refined with a 

disorderr model. 374 refined parameters. 0 restraints. R (obs. refl.): Rl = 0.0276. w R2 = 0.071 1. R 

(alll  data): Rl = 0.0370. wR2 = 0.0762. Weighting scheme w = I [a: (P: ) - (0 .0367P): - l .1877P]. 

wheree P = ( p ; ^ 2 p2 ) 3. GoF - 1.066. Residual electron density between -0.66 and 0.71 e A\ The 

drawings,, structure calculations, and checking for higher symmetry was performed with the 

programm PLATON.": 
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Tablee 6. Selected crystal data and details of the structure determination of Pd( 1 )(C\H-,)(C 

Crystall  data 

formula a 

Molecularr Weight 

Crystall  system 

Spacee group 

aa (A) 

h(A) ) 

c (A) ) 

Z Z 

V (A f f 

DD (gem"') 

uu (Mo-Ka)(mm"') 

F(OOO) ) 

C,,H4-CIN04PPd d 

670.54 4 

monoclinic c 

P2,, c (no.14) 

10.9862(1) ) 

16.6159(1) ) 

18.1533(2) ) 

4 4 

3208.87(5) ) 

1.388 8 

0.746 6 

1400 0 

Dataa collection 

Temperaturee (K) 

Crystall  size (mm) 

Radiationn (A) 

0,,,,,,.. 0t„,,( = ) 

Dataset t 

Totall  unique data 

Observedd data 

Structuree refinement 

R R 

\\R\\R: : 

150 0 

0.15x0.30x0.30 0 

0.71073 3 

1.7.27.5 5 

-14:13:0:21:0:23 3 

7358 8 

6093 3 

0.0276 6 

0.0762 2 
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